SUMMARY Several inbred lines of rats were produced from noninbred stock of Dahl salt-sensitive (S) rats, and several inbred lines were also produced from noninbred stock of Dahl salt-resistant (R) rats. There were significant differences (p < 0.001) in blood pressure response to a high salt diet among the inbred S lines produced, which indicates that the original S stock obtained from Brookhaven Laboratories is not genetically homogeneous. There were no significant differences in blood pressure among the inbred R lines produced. One inbred strain of S and one inbred strain of R with the appropriate blood pressure responses were ultimately brother-sister mated for more than 20 generations. These inbred strains were called S/JR and R/JR respectively. Fulminant hypertension and marked vascular and renal lesions developed in the S/JR after 3 to 4 weeks on a high salt (8% NaCI) diet, and all S/JR were dead within 8 weeks on the high salt diet. In contrast, R/JR survived well on a high salt diet, and hypertension or vascular and renal lesions did not develop. Hypertension and associated vascular and renal lesions developed in S/JR on a low salt diet (0.4% NaCI), but this took 3 to 4 months. These characteristics are similar to those originally reported by Dahl for his noninbred, continuously selected stocks. The R/JR were found to have mild hydronephrosis at 4 months of age, which probably is genetically determined and which may have been fixed inadvertently in the strain during inbreeding. An age-related, strain-specific polymorphism in a stomach pepsinogen is described in the inbred S/JR and R/JR, which we believe can be used as a biochemical marker for the strains. (Hypertension 7: 340-349, 1985) KEY WORDS • periarteritis nodosa pepsinogen polymorphism hydronephrosis • renal lesions of hypertension S ELECTIVE breeding of rats for susceptibility (S line) or resistance (R line) to the hypertensive effect of high salt intake was originally done by Dahl et al.
S ELECTIVE breeding of rats for susceptibility (S line) or resistance (R line) to the hypertensive effect of high salt intake was originally done by Dahl et al. 1 -2 at Brookhaven Laboratory. In this original work inbreeding (i.e., brother-sister mating) was used only for the first few generations. 2 Subsequently, selection was continued but foreign stock was introduced into the colonies and inbreeding was avoided to minimize inbreeding depression, that is, poor reproductive performance, small rats, and possible loss of the selected lines (L. K. Dahl, personal communication, 1971 ). Thus, as of 1975 the S and R rats were not inbred strains, although they have erroneously been referred to as such in the literature. They were even (erroneously) given an inbred strain designation by the nomenclature committee of the International Society of Hypertension. 3 An inbred strain is one that has been brother-sister mated for 20 or more generations. Theo-retically, this leads to homozygosity at close to 100% of all genetic loci, thus fixing the characteristics of the strain.
The purpose of this paper is-to describe the production of inbred strains from Dahl's original S andR lines and to describe their characteristics. The inbred strains will be referred to as S/JR and R/JR respectively.
Materials and Methods
Breeding stock of S and R rats were obtained from Dr. Lewis Dahl at Brookhaven Laboratory, Upton, New York.
Inbreeding of R rats was started at the Penrose Research Laboratory in Philadelphia in 1972 as part of our work to characterize the genetic regulation of pituitary colloid accumulation, which was observed in about 85% of the Brookhaven R colony. 4 
"
7 Inbreeding of S rats was delayed until Dr. Dahl's death in 1975. For R rats five sublines were bred starting with five randomly selected breeder pairs from Dahl's R stock. ForS rats seven sublines were bred starting with seven randomly selected breeder pairs from Dahl's S stock. Each subline was propagated by brother-sister matings from a single litter. Litters for propagation had to have at least six rats per litter and approximately equal numbers of male and female rats. If several such litters were available, then one was selected at random. Ultimately only one pair of rats from a litter could be the ones carrying on a given line. If several pairs were available that had produced viable young, then one pair was chosen at random to be the one propagating the line.
Evaluation of the blood pressure responses to a high salt diet were made by periodically placing rats from each subline on a high salt (8% NaCl) diet at weaning and then taking their blood pressure at intervals. The salt-tested S rats in which marked hypertension developed were not useful as breeders. Usually it was possible to rebreed the parents of S rats tested on high salt in order to propagate the subline. In the case of salt-fed R rats, in which hypertension did not develop, the breeding of salt-tested animals was possible. Selection was made on sublines rather than on individuals. The sublines with undesirable blood pressure responses or other undesirable characteristics (small litters, infertility, susceptibility to murine respiratory mycoplasmosis, megaesophagus) were discarded.
Blood pressure was taken 8 with a tail cuff microphonic manometer (Pacific Industrial Electronics, San Francisco, CA) with the rats under ether anesthesia. To anesthetize the animal ether was bubbled with carrier gas, 95% O 2 , 5% CO,, which then entered a Plexiglas chamber containing a rat. The animal had been warmed for 10 minutes in a warming box at 38 to 40° C before being anesthetized. During the measurement of blood pressure the rat was kept on an electrically warmed table made especially for this purpose (Narco, Houston, TX). The ether-95% O 2 , 5% CO 2 gas mixture was diverted to a small funnel partly covering the rat's head. This flow was carefully controlled so that the rat lost its pedal reflex but maintained its corneal reflex. Three to five blood pressure determinations were recorded only when the blood pressure was steady and the rat was at the proper level of anesthesia. These measurements were averaged for each rat.
All rats from our colony are identified by a small numbered skin clip placed in the back of the neck at weaning (National Band and Tag Co., Newport, KY). Rats of the same sex but of different strains to be compared for blood pressure responses were mixed four to six per cage after being tagged at weaning and placed on the appropriate diets. Blood pressures were taken by a trained technician who did not know the identity of the rat at the time blood pressures were made. The tag number was read after the blood pressure was measured.
Test diets, which contained either 0.4% NaCl or 8% NaCl, were obtained from Teklad (Madison, WI). These were specially formulated diets containing whole grains (Teklad diet 82049 for 0.4% NaCl, Teklad diet 82050 for 8% NaCl).
Rats were killed with 100% CO, at appropriate intervals (noted in Results), and tissues for histology were fixed in phosphate buffered 10% formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin. Kidneys were also stained with Lillie's allochrome. 9 Electrophoretic evaluation of pepsinogens was done as follows. Stomachs were homogenized in distilled water (0.5 g/ml) and then centrifuged, and the supernatant was subjected to polyacrylamide gel electrophoresis (11% gel) in a system given in detail previously. 4 Pepsinogen was visualized after the electrophoresis as the activated enzyme (pepsin) by soaking the gels for 4 hours in 0.5% bovine serum albumin dissolved in 0.1 N HC1, then incubating in 0.1 N HC1 alone for 45 minutes, followed by staining with Coomassie brilliant blue G-250 10 and destaining in 7.5% acetic acid. Pepsinogen appears as clear bands against a stained blue background."
Results

Development of Inbred Strains
Representative blood pressure data for the five R sublines following 13 generations of brother-sister matings are given in Table 1 . The rats were fed an 8% NaCl diet from weaning. One-way analysis of variance showed that there were no significant differences in blood pressures among the five sublines for either female rats (p = 0.47) or male rats (p = 0.15). In contrast to the R sublines, there were differences in blood pressure among the S sublines raised on a high salt diet. One-way analysis of variance for the data given in Table 2 showed these differences to be signifi- 
The blood pressure data are means ± SE. The number of rats tested is in parentheses. The blood pressure data are means ± SE. The number of rats tested is in parentheses.
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Although several lines of S and R were successfully carried to 20 generations of inbreeding, only one inbred strain of S and one inbred strain of R were retained. The strain designated R/C3 in Table 1 was retained and renamed R/JR. The S/Nl strain of Table 2 was retained and renamed S/JR.
Blood Pressure, Body Weight, and Organ Weights
The blood pressure responses to high or low salt diets of R/JR inbred for 31 generations and S/JR inbred for 20 generations are given in Table 3 . Diets were started at weaning. The results of a 2 x 2 x 2 factorial analysis of variance comparing the effects of strains, diets, and sex on blood pressure are given in Table 4 . The number of rats surviving at each time interval is given in Table 5 , and their body weights are given in Table 6 . A high salt diet (8% NaCl) had only a marginal effect on the blood pressure of R/JR, but high salt feeding (started at weaning) caused a rapid and fulminant hypertension in S/JR, which led to the death of almost all animals by 8 weeks on the high salt diet. The S/JR fed a high salt diet grew normally for 2 to 4 weeks, but as hypertension became severe they stopped growing and then lost weight before dying. Marked hypertension developed in the S/JR fed a low salt (0.4% NaCl) diet in spite of the low salt diet, but the progression of the increasing blood pressure was much slower than in those rats fed a high salt diet, and most animals survived and continued to grow through 16 weeks of age. The analysis of variance shows highly significant effects (p < 0.001) of strain and diet on blood pressure and a strong interaction of strain and diet on blood pressure starting at 2 weeks on the experimental diets (Table 4) . With 30-day-old weanling rats (0 weeks on diets in Tables 3 and 4 ) the S/JR strain had a slightly but significantly (p < 0.025) higher blood pressure than did the R/JR strain.
To provide tissues for sequential histopathological study, S/JR and R/JR were fed an 8% NaCl diet from weaning and killed after 0, 2, and 4 weeks on the diet. The organ weight data given in Table 7 show the expected cardiac hypertrophy occurring concomitant with the development of markedly increased blood pressure.
As a practical matter our colony is fed normal rat chow, which usually contains 1% NaCl. On this diet hypertension develops in S/JR, and the rats start dying at about 5 months of age. Data on S/JR surviving to 7 months of age are given in Table 8 . Besides the expected marked hypertension and heavier hearts the S/JR have a marked increase in kidney weight, which probably is due to their renal pathology (see the next section). All dead survi Means ± SE are given in mm Hg. Rats were weaned at 30 days of age and fed a low or high salt diet. At the start of the experiment there were 10 rats in each group. The number rviving at each time interval is given in Table 5 * and their body weights arc given in Table 6 . Table 3 Weeks on diets Data are from the same rats used in Table 3 . Means + SE are given in grams. Data are from the same rats used in Table 3 . 1.97 + 0.130 *An asterisk between two means indicates a significant difference between them (p < 0.05) by a / test. The experiment started with 24 rats of each strain. Four of each strain were killed for organ weights and histology at 0 and 2 weeks and the remaining 16 of each strain were killed after 4 weeks on a high salt diet.
TABLE 4. Significance Levels from a 2 x2x2 Factorial Analysis of Variance for the Blood Pressure Data Given in
Means ± SE are given. Values are means ± SE.
Pathological Changes
Histological examination was done on the animals killed at intervals of 0, 2. and 4 weeks on a high salt diet. Blood pressure, body weight, and kidney and heart weight for these animals are shown in Table 7 . For weanling animals there were no pathological changes in either R/JR or S/JR. There were, however, mild pathological changes after only 2 weeks of high salt feeding in the S/JR. The arteries in the mesentery and pancreas occasionally showed a mild inflammatory reaction consisting of fibrous histiocytes and prominent eosinophils surrounding the arteries. The arterial walls were intact at this time. By 
the high salt diet arterial lesions were marked. There was a very pronounced periarterial inflammatory reaction (fibrous histiocytes, eosinophils, and neutrophils). There was also necrosis of the arterial walls with neutrophils present in the muscular layers. Some vessels showed accumulation of fibrinoid material in the intima, and others showed frank coagulation necrosis of the entire arterial wall or, in large muscular arteries, necrosis of a segment of the wall (Figures 1  and 2 ).
In 7-month-old S/JR fed normal rat chow, these active, developing arterial lesions were seen and more chronic phases of the same process also were evident. The arteritis progresses to a mixture of fibromuscular hyperplasia and organizing granulation tissue infiltrated with neutrophils in and around the arterial walls. This process may lead to complete occlusion of an artery (Figure 3) or to an aneurysm, which may or may not be thrombosed (Figure 4) . Hemorrhage occurs into the vessel walls and deposition of blood pigments in 
FIGURE 4. A muscular artery in the pancreas from an S/JR rat fed normal rat chow for 7 months. The animal was chronically hypertensive. There is an aneurysmal dilatation on one side of the artery with hemorrhage into the arterial wall, which is overlain by a thrombus. There is intimal proliferation and marked disorganization of the muscular layers by fibromuscular proliferation and chronic inflammation. (Hematoxylin and eosin x 139.)
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the walls of chronic lesions is common. Aneurysms of the mesenteric arteries occasionally rupture, killing the rat. No such vascular lesions were seen in R/JR fed a high salt diet or maintained on normal rat chow for 7 months.
The arterial lesions described in hypertensive S/JR were very prominent in the mesentery, pancreas, intestine, testis, heart, and kidney. They were notably absent from the brain and lung. The hearts of hypertensive S/JR also showed focal necrosis and focal interstitial fibrosis.
Renal lesions were discernible as early as 2 weeks of high salt feeding to S/JR. These consist of segmental fibroelastic proliferation of the small muscular arteries of the renal cortex, occasional tubular proteinaceous casts, and occasional glomeruli with deposition of periodic-acid-Schiff (PAS)-positive granular material in glomeruli. By 4 weeks on the high salt diet S/JR showed marked renal damage consisting of extensive fibromuscular proliferation around small muscular arteries ( Figure 5 ), deposition of fibrinoid material in the intima of arteries, many proteinaceous tubular casts, focal atrophy of cortical tubules, and glomerular lesions. Although most glomeruli were essentially still normal, some were extensively damaged and showed increased size and cellularity and increased PAS-positive granular and fibrillar material ( Figure 6 ). Basement membranes were thickened around involved glomeruli and tubules. At 4 weeks on the high salt diet about 25% of the renal parenchyma was pathologically altered (Figure 7 ). An important characteristic of the renal pathology is the focal nature of the lesionsnormal tubules and glomeruli exist next to areas with lesions. The R/JR fed a high salt diet for 2 or 4 weeks showed no renal damage.
The S/JR fed normal rat chow for 7 months showed renal lesions similar to those described above but pa- renchymal involvement ranged from 25 to 60%. In addition, there were prominent interstitial accumulations of lymphocytes. The R/JR fed normal rat chow for 7 months showed minimal renal lesions occupying less than 5% of the parenchyma. There were occasional tubular casts and scarred glomeruli.
The spleens of S/JR fed a high salt diet for 4 weeks invariably showed marked extramedullary hematopoiesis. No such response was seen in comparable R/JR. The S/JR fed a high salt diet that eventually became weak and lost weight, appeared anemic clinically, although this was not documented by the appropriate clinical tests. The extramedullary hematopoiesis is an expected response to anemia. Figure 8 shows examples of the various grades of hydronephrosis: 0 = normal, 1 = slight hydronephrosis, 2 = moderate hydronephrosis, and 3 = marked hydronephrosis. Table 9 gives the frequency distribution for the grade of hydronephrosis for S/JR and R/JR male and female rats for right and left kidneys. The groups were compared with a / test for ordered classification. 12 Hydronephrosis was greater in R/JR than in S/JR (for female rats, S/JR right kidney versus R/JR right kidney, p < 0.005, S/JR left kidney versus R/JR left kidney, 0.05 < p < 0.1; for male rats, S/JR right kidney versus R/JR right kidney, p < 0.005, S/JR left kidney versus R/JR left kidney, 0.005 < p < 0.01). Within the R/JR strain hydronephrosis was more pronounced on the right than on the left (for female R/JR, right kidney versus left kidney, 0.01 < p < 0.025; for male R/JR, right kidney versus left kidney, 0.05 <p < 0.1). Hydronephrosis in R/JR was slightly greater in male than in female rats, but the differences were not significant (for right kidneys, female R/JR versus male R/JR, 0.05 < p < 0.1; for left kidneys, female R/JR versus male R/JR 0.1 < p < 0.25). 
Enzyme Markers
Several enzymes were examined for strain-specific differences in mobility by polyacrylamide gel electrophoresis and a reaction for the appropriate enzyme activity. The S/JR and R/JR strains were identical with regard to arylesterases (liver, kidney, lung, plasma, testis, duodenum, salivary gland), 6-phosphogluconate dehydrogenase (red blood cell), ester protease (plasma, salivary gland), alkaline phosphatase (plasma), a-hydroxyacid oxidase (liver, kidney), glucose 6-phosphate dehydrogenase (red blood cell), peptidase (red blood cell), seminal vescicle proteins, alcohol dehydrogenase (liver, kidney), /3-glucuronidase (liver), leucine aminopeptidase (intestine), milk protein (whey, casein), lactic dehydrogenase (skeletal muscle, heart muscle), proteinases (pancreas), antitrypsins (plasma), amylases (salivary gland, pancreas), fumarase (kidneys, liver), lens proteins, and urinary pepsinogen.
A difference in the age-related pattern of stomach pepsinogens, however, was seen between strains. Four different forms of pepsinogens were seen in both young S/JR and young R/JR. While no strain difference in the electrophoretic mobilities of these pepsinogens were detected, one of the bands disappeared from the R/JR as they aged. In 3-month-old R/JR the band was faint or absent, and in 5-month-old R/JR the band was essentially absent (although it was still present in the S/JR; Figure 9 ).
Breeding Performance
Inbreeding is expected to reduce reproductive performance and body weight. Because the inbred S/JR and R/JR are smaller than outbred animals, we usually do not wean litters until they are 28 to 30 days of age and females are bred at 9 weeks of age. For both S/JR and R/JR, 80 to 90% of breeding pairs produce litters. Litter sizes are 8 to 10 pups per litter for both strains. The female S/JR become markedly hypertensive by 12 weeks of age on normal rat chow. It is possible to produce two litters from them, but it is usually impractical to produce a third litter because the female S/JR become unthrifty, probably largely as a result of renal damage.
Discussion
It is obvious from the data in Table 2 that the genes for hypertension in the Brookhaven S stocks are not fixed. If they were, then all the inbred lines derived from that S stock would have the same blood pressure. This is clearly not the case. Because of this genetic heterogeneity among the Brookhaven S stock, it was necessary for Dahl to continually test breeders for the responses of their offspring in order to obtain animals with the desired characteristics. This is an expensive and inefficient modus operandi and produces rats of variable quality. Differences in blood pressure means among the inbred R lines were not significant, which implies more genetic uniformity in the original Brookhaven R stock. The blood pressure responses of the fully inbred S/JR to salt are rapid and marked. On a high salt (8% NaCl) diet marked hypertension (200 mm Hg) developed in S/JR in 4 weeks, and they died rapidly thereafter. In some experimental settings this response may be undesirably sensitive. It can of course be manipulat- As S/JR eventually become hypertensive on a low salt diet, they are in a sense spontaneously hypertensive. There is a common misconception that S rats show an increase in blood pressure only when fed excess salt. This is not true of the inbred S/JR, and neither is it true for the outbred, continuously selected S rats of the Brookhaven colony. For example, in a recent study using rats from the Brookhaven colony, the S rats on a low salt diet consistently had pressures significantly higher than did R rats fed either high or low salt diets.
14 This "spontaneous hypertension" is not surprising, as the original selection done by Dahl was on blood pressure per se measured on rats on high salt diet. Thus, any genes that function to increase blood pressure regardless of salt intake would also have been selected along with genes causing high blood pressure in response to salt.
We previously observed that about 85% of Brookhaven noninbred R rats had a marked accumulation of proteinaceous fluid in Rathke's cleft of the pituitary gland. 4 -5 This material is referred to histologically as "colloid." Of the five inbred R strains developed, four of the five had marked accumulations of pituitary colloid and one did not. 6 Because this trait seemed to compromise reproductive performance, the R strain selected for continued propagation was the one, R/C3, without pituitary colloid accumulation. Pituitary colloid accumulation has been shown to be genetically controlled, 6 and the colloid has been shown to contain unique proteins. 4 " 7 These proteins were, however, fragments of albumin, 7 and no unequivocal relationship between salt resistance and pituitary colloid accumulation has been established.
The purpose of inbreeding is to make the animals homozygous at a very high percentage of genetic loci (theoretically more than 99% of all loci should be homozygous). This fixes the characteristics of the strain; that is, for a given locus, homozygous x homozygous matings are the only ones possible within the strain and all offspring are homozygous. There is little chance for genetic heterogeneity (i.e., segregation of alleles at a given locus) barring rare spontaneous mutations or inadvertent misbreeding. The advantages of inbred strains are, therefore, genetic uniformity and long-term stability of the strain characteristics.
Besides fixing the alleles of interest for high and low blood pressure in the S/JR and R/JR strains, respectively, the inbreeding must perforce also fix alleles at loci that happened to be segregating in the original populations and that have nothing to do with blood pressure. As these alleles will be fixed at random between the two strains, in some cases the strains will be homozygous for the same allele at a given locus and in some cases the strains will be homozygous for different alleles at a given locus. Thus, one can expect three kinds of genetic differences (so-ealled genetic markers) between S/JR and R/JR: (1) genetic differences that have no relationship to blood pressure, (2) genetic differences that biochemically have nothing to do with blood pressure but that are genetically linked (on the same chromosome) with loci that do directly influence blood pressure, and (3) genetic differences when the locus involved codes for a protein molecule that is involved in altering blood pressure. Genetic methods to differentiate these three classes of genetic differences have been given in detail previously. 15 Dahl's original stocks of S and R previously have been shown to differ at a genetic locus controlling adrenal steroidogenic patterns. Alleles at this locus (Hyp-1 locus) did co-segregate with an increment in blood pressure, which suggests that the genetic polymorphism is causally related to blood pressure. 16 The original S and R stocks were homozygous for their respective alleles at the Hyp-1 locus. The inbred S/JR and R/JR strains should therefore also be homozygous for the respective S and R alleles at the Hyp-1 locus, although this trait was not specifically reevaluated here.
We did, however, examine several enzymes for polymorphisms by polyacrylamide gel electrophoresis with visualization of the enzyme bands by their catalytic activity. A strain-specific, age-related change in a pepsinogen band was found. This change is presumably a genetically determined trait, although we have not definitively characterized it as such by standard genetic crosses. The loss of the pepsinogen band with age in R/JR may be used as a marker for the strain. A more useful marker is presently under development in S/JR, in which a spontaneous cataract mutation has occurred. It should ultimately be possible to have S/JR all homozygous for cataracts.
Inbred strains also pose some disadvantages. First, undesirable traits may be inadvertently fixed in a strain. This may be the case with the mild hydronephrosis seen in R/JR but not S/JR. Various forms of inherited hydronephrosis have been described in rats. 17 ' 8 Although we have not systematically studied the development of hydronephrosis with age in R/JR, cursory examination shows it is not present in young rats. It might, however, be wise to use female rats in studies involving the renal medulla, as the hydronephrosis was less in female than in male rats. A second possible disadvantage of S/JR and R/JR inbred strains is that they are not likely to be histocompatible, which would preclude tissue transplantation studies between strains. As there are several genetic loci influencing histocompatibility, it seems unlikely a priori that similar sets of alleles would be fixed in the two strains. This problem can be circumvented by crossing the two inbred strains and doing transplants to the F, hybrids, which will share histocompatibility alleles with both parental strains.
The renal vascular lesions in noninbred S rats have been given in detail previously. Jaffe et al. 19 have emphasized fibromuscular hyperplasia of arterioles at branch pads. Such a lesion is also prominent in S/JR (see Figure 5 ). These branch pads (valvelike structures) occur in the rat kidney at the origins of afferent arterioles leading to juxtamedullary glomeruli, 20 which in turn give rise to efferent arterioles supplying the renal medulla.
The nomenclature for Dahl rats is in a state of chaos. The designations used should be such as to reflect the genetic lineages of the rats. A nomenclature committee of the International Society of Hypertension 3 prematurely designated inbred Dahl S and R rats as DS and DR, before any such inbred strains were in existence. Subsequently DS and DR have been inappropriately used rather extensively in the literature to designate noninbred rats obtained from Brookhaven Laboratories. This effectively invalidates the use of DS and DR for any inbred strains. In our view the noninbred Brookhaven stocks are best designated by S and R, as Dr. L.K. Dahl had done from 1962 to 1976 before his death. Inbred strains derived from these stocks should be named only as they actually come into existence and are described in the literature. J P Rapp and H Dene rats.
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